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 A limestone and a marble exposed to different staining agents.
 Evaluation of the stones exposed to the standard UNE-EN 16301:2014 was performed.
 Carbonate stones with different microstructure showed different staining sensitivity.
 The higher gloss changes the higher the roughness increases.
 Hydrophilicity increased regardless of the stain.a r t i c l e i n f o
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Roughness.a b s t r a c t
Two carbonate stones (a limestone and a marble), commonly used for flooring, wall cladding and coun-
tertops, were exposed to different staining agents. After each cycle (staining and cleaning with a non-
ionic detergent solution), the surface degradation was assessed on a scale ranging from unchanged to sev-
ere change (based on the qualitative characterization presented on the standard UNE-EN 16301:2014),
stereomicroscopy and colour spectrophotometry. After the 3 cycles, surfaces were additionally evaluated
by measuring specular gloss, roughness and static contact angle and also by an optical and a scanning
electron microscopes. Stones with similar chemical composition and similar physical properties, but with
different microstructure and grain size, exhibited distinct sensitivity levels to the same stains. Despite
chromatic changes were different depending on the stain applied, higher DE*ab were detected on the
marble surfaces. Gloss only increased on the olive oil stained limestone, while it decreased for the rest
of the surfaces; higher gloss changes were detected on the surfaces stained with red wine, blueberry
juice, ketchup, citric acid and lime, being these last three surfaces those with the highest roughness
increases. Hydrophilicity increased in both stones, regardless of the stain, being more marked on the sur-
faces with greater roughness increases. These different trends were related to the different dissolution
levels of calcite grains considering the stain applied.
 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Natural stone product is defined according to the European
standard [1] as ‘‘a worked piece of naturally occurring rock used in
building and for monuments”. Dimension stone is selected, exploited
and processed to specific sizes or shapes [2,3] and can be used as
load bearing element or for ornamental and decorative elements
(e.g. flooring, wall cladding panels, countertops or sculptures),
besides its use as curbing, paving stone and in various industrialproducts. Aesthetical (e.g. colour, texture and surface finish) and
physical–mechanical features are involved, most of the times, in
its selection as ornamental stone, besides aspects related to techni-
cal specifications for each application and questions related with
durability. The exploitation and processing of ornamental stone
involves, most of the times, the production of large volumes of
extractive waste material, such as block extraction residues, saw
dust residues to fit standard dimensions or residues from the saw-
ing and polishing process [4]. Several attempts have/are being
made in order to reuse that waste in other construction materials,
such as concrete and mortars [5,6], ceramics and bricks [7,8], and
thus contribute to sustainability and circular economy applied in
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developed to achieve the best balance of the raw product from the
marketing point of view, such as the increase of the geological-
geotechnical knowledge of the area involved, the best quarrying
technologies and the best quarrying methods [4,9].
It is generally assumed that ornamental stone is one of the most
durable materials, but can deteriorate and many factors will affect
its behaviour with consequences in terms of value’s impairment
and use. The processes leading to its deterioration is governed by
intrinsic material’s properties, along with other extrinsic factors.
Steiger and Charola [10] present a review of the most important
deterioration processes and their effect on the various types of
stones. Nevertheless, to the best of the authors’ knowledge, the
evaluation of the effects of accidental spills on ornamental stones
is residual. Accidental spills can cause several different types of
damage, the most common of which are chromatic changes.
Although staining is defined by the Illustrated Glossary on Stone
Deterioration Patterns [11] as a kind of discoloration of limited
extent and generally of unattractive appearance, it can also occur
as chemical and mineralogical changes caused by different pro-
cesses such as oxidation, dissolution, hydration, biological growth.
Staining can induce surface modifications which can ruin the aes-
thetic appearance of the object. Therefore, the sensitivity of differ-
ent types of stone to accidental staining is a key parameter when
selecting an ornamental stone. However, evaluation of stains on
stone surfaces is an almost neglected topic within the field of con-
struction materials.
The terms staining and etching are used in the ornamental stone
industry to refer to different types of damage: (i) staining is specif-
ically applied to those situations in which the pores in the stone
absorb a liquid below the surface; once a stone becomes stained
the stain can be difficult to remove; (ii) etching refers to a chemical
reaction (due to exposure to liquids that are usually acidic in nat-
ure) that causes the stone surface to become dulled.
In this research, staining was defined as a modification of the
visible appearance of the surface caused by a chemical reaction
between the staining agent and the forming minerals.
In general, four different stain types can be identified on the
stones used in flooring and wall cladding and countertops [11]: i)
yellow-brownish colouration of varying origin, such as 1) oxidation
of iron bearing minerals present in the stone due to natural weath-
ering [12] or to fire exposure [13] and 2) deposits of iron oxides
driven by water from the rusting structures and moisture on
nearby or embedded bronze, copper or brass items [14]; ii) darken-
ing due to soiling (deposit of a very thin layer of exogenous parti-
cles, e.g. soot) [15], iii) black and/or greenish colouration due to
biological colonization associated with algae, lichens, moss and
fungi [16]; and iv) poorly investigated accidental spills, such as
oil-based stains (e.g. grease, tar, cooking oil, etc.), organic stains
(e.g. coffee, tea, fruit, tobacco, etc.) and paint- or ink-based stains.
Some stains can also occur as the result of cleaning interventions
[17].
Therefore, in order to evaluate the sensitivity of stones to acci-
dental spills, the company Nordic Innovation [18] published the
Nordtest method, which is based on a standardised procedure for
applying experimental spills, cleaning and assessment of the sur-
face appearance after cleaning [19,20]. The method was developed
within the Nordtest project 1443–99 (Testing the bowing potential
of marble for façade cladding), which led to the larger European pro-
ject called TEAM, involving both Nordic Innovation and the chem-
ical manufacturing company Trion Tensid AB [21]. Different
staining agents are suggested for testing in the method (red wine,
cooking oil, instant coffee, ketchup, cola, blood, urine and blue-
berry juice). These substances were chosen to represent a wide
variety of stains with high and low viscosity, different colour and2
different penetration rates. After the application of each product
to the stone, the surface must then be washed with the wet abra-
sion scrub tester, developed by the company [19,20]. The staining,
cleaning and evaluation must be performed following the proce-
dure detailed in the method. After staining and cleaning, the sur-
face is then evaluated following the criterion of a committee
composed at least by three evaluators, who assess each surface
using a text-based scale. Spectrophotometric measurement of the
colour change is optional in the method. The European Committee
for Standardization, specifically the Technical Committee CEN/TC
246 ‘‘Natural stones”, developed the standard UNE-EN
16301:2014 [22] entitled Natural stone test methods - Determination
of sensitivity to accidental staining, which is based on the Nordtest
method. The document describes a similar procedure to that devel-
oped by Nordic Innovation, although blood was omitted and citric
acid and lime juice were added. Although in the Nordtest method,
spectrophotometric measurement of the colour change after stain-
ing was considered an optional technique, this standard [22] does
not suggest its application, and assessment performed by external
evaluators is considered sufficient.
In addition, for agglomerated stone products (industrial prod-
ucts mainly made of hydraulic cement, resin or mixture of both,
stones and other additions) a method of determining the chemical
resistance and resistance to stains has been proposed [23]. Never-
theless, in this European Standard the staining agents are chosen
from among the substances proposed by client or selected in
agreement between the parties involved.
Despite the existence of [22], evaluation of the effects of acci-
dental spills on ornamental stones is residual as was reported
before. Under the light of these considerations this paper aims to
identify and describe physical, chemical and mineralogical changes
induced by accidental staining in two Portuguese carbonate stones
commonly used in flooring, cladding and countertops, both in Por-
tugal and around the world. These stones are known under the
commercial names of Lioz (a limestone) and Branco Estatuária (a
marble).
2. Materials and methods
2.1. Stones
In order to evaluate the effects of different staining agents in
ornamental carbonate stones, a marble and a limestone were
selected for study:
(i) A Portuguese marble from the Estremoz anticline- Branco
Estatuária (Fig. 1a,b). The Estremoz anticline is located
within the Ossa Morena Zone geological unit (Southern
Branch of the European Variscides in Portugal, [24]) and it
is the primary marble district of Portugal. It is a medium
grained calcitic marble, with granoblastic texture and fine
grained zones (with an average grain size of 0.40 mm)
[25]. It is quarried in the Municipality of Vila Viçosa (Évora
district, South Portugal). It is mainly composed of calcite
(~99%), with quartz as an accessory mineral (<1%).
(ii) A Portuguese Cretaceous (Mid Turonian) limestone: a coarse
beige microcrystalline, bioclastic and calciclastic, mostly
composed of sparry carbonate (Biosparite-microsparite),
commercially known as Lioz (Fig. 1a, c). It has a heteroge-
neous texture, mainly conditioned by the presence of fossil
debris (with dimensions varying between 2 cm to
<400 lm, composed of fibrous calcite) and by the occurrence
of compositional veins with different colours (reddish, pink-
ish and yellowish). The initial micrite matrix was partially
recrystallized, reaching the grain dimensions close to
Fig. 1. (a) Areas of possible occurrence of the Lioz limestone and the Branco Estatuáriamarble in Portugal, (b) digital photograph of the Branco Estatuáriamarble and (c) digital
photograph of the Lioz limestone.
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Outcrops of the Lioz limestone are found in several locations
in Lisbon and neighbouring counties (Fig. 1a) [26,27]. Shell
imprints on the rock and traces of stylolites when the rock
is cut across the bedding plane give a characteristic pattern,
which is accentuated when the rock is polished [27].
Table 1 lists average physico-mechanical properties of the
stones under study taken from [25]. The apparent density was sim-
ilar in both stones. The open porosity was also similar (<0.3%),
although slightly lower in the marble. Abrasion resistance was
higher in the marble than in the limestone. Bending strength was
similar in both types of stone. However, in the impact test, unex-
pectedly, the uniaxial compressive strength was higher and fall
height lower in Lioz than in Branco Estatuária.Table 1
Mean values of some physico-mechanical characteristics of the Branco Estatuaria
marble and the Lioz limestone [25].
Physico-mechanical property Branco Estatuária Lioz
Apparent density (kg/m3) 2710 2700
Open porosity (%) 0.2 0.3
Water absorption at atmospheric pressure (%) 0.1 0.1
Abrasion resistance – Amsler-Lafflon (mm/200 m) 2.8 2.2
Impact test: minimum fall height (cm) 65–70 45
Compressive strength (MPa) 77 103
Compressive strength after freezing test (MPa) 88 135
Bending strength (MPa) 14.3 14.4
3
For each lithotype, ten sample tiles (9cmx9cmx2cm) with pol-
ished finish were used. Areas of 7cmx7cm on the surfaces were
then marked with adhesive tape (as observed on Fig. 2).
Moreover, smaller samples of each stone (1cmx1cmx1cm) were
examined in a scanning electron microscope (Philips XL30) cou-
pled to an energy dispersive X-ray spectrometer (EDS) (Oxford Inca
Energy 300 SEM) operating in backscattered electron (BSE) mode.
These slices were previously coated with C. Optimum observation
conditions were obtained at an accelerating potential of 15–20 kV,
a working distance of 9–11 mm and specimen current of 60 mA.
The acquisition time to record EDS spectra, i.e., the dwell time, was
40–60 s.2.2. Laboratory staining procedure
Nine of the stone tiles were stained with the substances sug-
gested in [22], which were selected in order to cover a range of vis-
cosity, pH, colour and penetration capacity, namely, red wine, olive
oil, instant coffee, ketchup, cola, citric acid solution at 3% vol., arti-
ficial urine solution, lime juice and blueberry juice (Table 2). One
sample of each stone was not stained with any of the products
(control/reference sample). Before staining, the pH (Crison PH25)
and electrical conductivity (mS.cm1; CyberScan CON 1500) of the
staining substances were measured (at 20 C). The products and
their characteristics are shown in Table 2. Most of the products
were acidic. Indeed, the pH of the wine, cola, citric acid solution,
lime juice and blueberry juice was below 4. Although the pH of
Fig. 2. Digital photographs of the limestone after the first application of the staining agents: (a) red wine, (b) oil, (c) coffee, (d) ketchup, (e) cola, (f) citric acid, (g) artificial
urine, (h) lime juice and (i) blueberry juice. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Table 2





Red wine Brand: Casal da Eira 3.69 1331
Olive oil Brand: Oliveira da Serra – 0.1
Instant
coffee
Brewed and freeze-dried coffee powder: 4 g in 100 mL hot (>80 C) deionised water. Let cool down to about 23 C. 5.59 4000
Ketchup Brand: Helios -*** –
Cola Brand: Regular Coca-Cola 2.69 1005
Citric acid Diluted for pH 1.5 – 1.8 1.70 6050
Artificial
urine
Urea: 25 g; Sodium chloride: 9 g; Disodium hydrogen phosphate, anhydrate: 2.5 g; Potassium dihydrogen phosphate,
anhydrate: 2.5 g; Ammonium chloride: 3 g; Creatine: 2 g; Sodium sulphite: 3 g; Distilled water up to 1 l
6.33 10,050
Lime Squeezed from fruit bought in the market 2.49 2390
Blueberry
juice
Brand: Compal 3.21 1542
*** pH approximately 3.89–3.92 (according to [29]).
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the pH is, according to [29], around 3.89–3.92. Citric acid was the
most acidic substance used (pH = 1.70).
Before staining, the stone tile samples were washed with the
non-ionic detergent Teepol, composed of sodium dodecylben-
zenesulfonate (C12H25C6H4SO3Na), 3% vol. solution in distilled4
water. As indicated in the standard method, the detergent solution
was sprayed on the samples with a hand-pumped spray and the
surface was vigorously brushed with distilled water. After 3 h,
the detergent was applied again and the sample surface was again
vigorously brushed with distilled water. After 21 h, the surfaces
were rinsed with distilled water. The samples were held at
Fig. 3. SEM micrographs of the stone surfaces along with the EDS spectra of the component minerals and different accumulations in the stone microstructure. (a-c): marble
and (d-f): limestone.
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staining agents were applied. The substances were applied to the
previously outlined 7cmx7cm areas, by smooth brushing for two
minutes. In Fig. 2, digital photographs of the Lioz limestone sur-
faces with the different stains are shown. For water-based stains
(i.e. red wine, coffee, cola, citric acid solution, artificial urine solu-
tion, lime juice and blueberry juice), the volume applied was
0.70 mL, whereas for the olive oil, the volume used was 0.15 mL
(in accordance with [22]). The ketchup was spread over the whole
surface (Fig. 3d). The samples were then held for 24 h under labo-
ratory conditions (20 ± 5 C and RH 60 ± 10%) before being cleaned
by brushing with a Teepol solution (3% vol. in distilled water) for
4 min. The surfaces were then rinsed with distilled water. This pro-
tocol (staining/cleaning cycle) was repeated two more times.
The same staining agents were also applied to glass microscope
slide, which were air-dried under laboratory conditions (20 ± 5 C
and RH 60 ± 10%) for 1 week.2.3. Analytical techniques
After each staining/cleaning cycle and following the standard
[22], a text-based scale of scores was used for visual assessment
of the stained surfaces:5
 1: unchanged, i.e. no perceptible change
 2: slight change, i.e. clearly perceptible change
 3: moderate change, i.e. very clearly perceptible change
 4: severe change, i.e. intense change.
The visual assessment was performed in daylight, at midday,
separately by five people. If the assessment differed by more than
one unit, the evaluators discussed the case and reached a consen-
sus decision.
In order to complete the evaluation suggested by [22], after
each staining/cleaning cycle, the samples were examined by stere-
omicroscopy (SMZ800 Nikon) to detect any modifications in the
appearance. Colour measurements were also made after each
cleaning cycle. The colour was recorded in the CIELAB space [30],
with a Minolta CM-700d spectrophotometer. The measurements
were made in specular component excluded (SCE) mode and using
a D65-illuminant, a spot diameter of 8 mm and an observer angle
of 10. Twenty measurements were made on each surface. The CIE-
LAB DL*, Da*and Db* colour differences were calculated for all
samples after each cycle, relative to the original colour of the sur-
face prior to the first staining. The global colour change, DE*ab, was
also calculated, as follows [30]:
DE*ab = [(D L*)2 + (Da*)2+ (Db*)2]1/2
Higher values of DE*ab indicate greater differences from the
original colour.
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techniques reported above, the samples (stained and control sam-
ples) were also examined using the following equipment:
- A glossmeter (Novo-Gloss Lite 20/60 GLOSSMETER), to deter-
mine the specular gloss (G) of the stained and control surfaces
at a reflection angle of 60. Six measurements were performed
on each surface.
- A profilometer (Surfecoder SE1200), to assess the morphologi-
cal alterations on the stained surfaces. The mean of the third
point height R3z (mm) was calculated, which is the mean of
the third maximum peak-to-valley heights in the evaluation
length [31]. The equipment traced a scan length of 1 cm, and
10 scans were completed per sample.
- A goniometer (CAM 100, KSV) to evaluate the hydrophobic
alterations by measuring the static contact angle (h) in accor-
dance with the standard procedure [32], by the sessile drop
method. The equipment was coupled to a digital camera and
image analysis software. A droplet of 13 mL of deionised water
was used. The measurements were made at room temperature
(20 ± 5 C) and a RH of 70 ± 10%. A total of five measurements
were made per sample.
- A 1cmx1cmx1cm- slice obtained from each surface was C-
coated and observed and analysed by SEM-EDS using a Philips
XL30 operating in BSE mode. The optimum observation condi-
tions were similar to those indicated by characterization of each
stone. Moreover, the dried substances (stains) on glass micro-
scope slides were also visualized under SEM-EDS.
3. Results
3.1. Stones characterization by SEM
The SEM-EDS analysis confirmed the previous petrographic
description. Thus, both stones are essentially composed of Ca, C
and O, whose EDS spectra are compatible with calcite (Fig. 3a
and 3d). Moreover, SEM-EDS analysis enabled identification of
some residual quartz grains on the marble surface (Fig. 3b) and
C-rich accumulations with Na, S, K, Ca as major elements and Al,
Si and Cl as minor elements (Fig. 3c), occurring in spots and veins,
respectively, characteristic of Branco Estatuária marble [28]. These
accumulations were also observed on the limestone (Fig. 3e), in
natural discontinuities, i.e. in pores (although very compact), at
the boundary of shell imprints and stilolytes (rich in clay minerals,
iron oxides or organic matter), which are some of the natural char-
acteristics of Lioz limestone [27]. In addition, Al-rich grains were
also observed inside the pores of the Lioz limestone (Fig. 3f) and
are probably related to the polished finish surface treatment due
to the abrasive.
3.2. Evaluation of the stained surfaces after cleaning
Following the procedure described in standard [22], assessment
of the stained surfaces after each staining/cleaning cycle by five
evaluators showed that ketchup produced the greatest changes
in the appearance of both stones, classified as severe (a score of
4) (Fig. 4a, b). In addition, in the limestone, citric acid solution or
lime juice also induced severe changes, as assessed after the third
staining/cleaning cycle (Fig. 4b). The evaluatorś comments showed
that these changes were mainly related to loss of the polish finish
(Fig. 4f, l-n). Marble stained with ketchup exhibited a cracking pat-
tern consistent with the perfect rhombohedral cleavage of the cal-
cite grains (Fig. 4f). The limestone stained with ketchup lost its
sheen (Fig. 4l), as also detected in the samples stained with citric
acid solution (Fig. 4m) and lime juice (Fig. 4n). However, only6
ketchup also induced changes in the appearance due to the stain
remains on the limestone (Fig. 4l).
Moderate changes (a score of 3) were observed on the marble
samples stained with oil, coffee and lime juice (Fig. 4a, e). Stere-
omicroscopic examination of the surface stained with lime juice
showed a pattern clearly associated with the loss of the calcite
grains (Fig. 4h) as detected on the samples stained with ketchup.
For the limestone, moderate changes (a score of 3) were not iden-
tified by the evaluators.
The changes in the other samples (marble stained with cola,
citric acid solution, urine solution and blueberry juice, and lime-
stone stained with wine, oil, coffee, cola, urine and blueberry juice)
were visually classified as slight or negligible (scores of 2 and 1
respectively). Although the change in marble stained with citric
acid solution, was classified as slight, stereomicroscopic examina-
tion enabled identification of a loosening of the brightness, reveal-
ing the stone structure (Fig. 4g). Olive oil caused a slight darkening
of the surface of the limestone (Fig. 4k). Cola and artificial urine did
not induce any change in the appearance of either type of stone
after each cycle.
No differences in the effects of the red wine, olive oil, coffee,
cola, artificial urine and blueberry juice were observed in relation
to the number of staining/cleaning cycles (Fig. 4a, b). The decrease
in the score for the marble stained with red wine and blueberry
juice and on the limestone stained red wine, olive oil and coffee
may be due to the intensity of cleaning, as the modification to
the surfaces were due to remains of these staining agents (i.e.
remains of organic matter on the surface). The cleaning may have
been more intensive after one cycle than the previous one.
The colour variations are shown in Fig. 5 and Table 3. Red wine,
olive oil, coffee, cola, urine solution and blueberry juice stains
yielded higher DE*ab values on marble than on limestone. How-
ever, ketchup, citric acid solution and lime juice stains yielded
lower DE*ab values on marble. The highest DE*ab on marble corre-
sponded to olive oil, even after only one cleaning cycle (DE*ab > 15 -
CIELAB units; Fig. 5a), due to the large decrease in L*. By contrast,
citric acid and lime juice yielded the highest DE*ab on the lime-
stone (Fig. 5b). Considering that DE*ab = 3.5 CIELAB units is the
threshold at which an unexperienced observer can observed the
difference between two colours [33], red wine, olive oil, coffee,
cola, artificial urine and blueberry juice induced visible changes
on the marble, as observed after 3 staining/cleaning cycles. How-
ever, olive oil, ketchup, citric acid and lime induced visible changes
on the limestone, after three applications.
In some samples, i.e. marble stained with ketchup, citric acid,
urine and lime and limestone stained with olive oil, cola, citric acid,
urine and lime juice, increasing the number of cleaning cycles pro-
duced a slight decrease in DE*ab relative to the same sample after
the previous cycle when increases were expected.
In most cases, L* was the colour parameter most affected by the
colour change (Table 3). For the marble surfaces and almost all the
limestone surfaces (except the surfaces stained with ketchup-2nd
and 3rd cycles-, citric acid solution-1st, 2nd and 3rd cycles and
lime juice-1st, 2nd and 3rd cycles), the L* values decreased (dark-
ening). In these samples, the parameter most affected was b* (de-
creases) suggesting loss of the yellowish colouration of the
limestone. Parameter a* was the least affected by the staining,
regardless of the product applied.
After the three staining/cleaning cycles, the glosswas reduced on
both stones (Fig. 6a, b) regardless of the staining agent, with excep-
tion of the limestone stained with olive oil (Fig. 6b), on which the
gloss increased. The surface gloss on the samples stainedwith coffee
and artificial urine solution was not statistically significantly differ-
ent from the surface gloss on the control samples (Fig. 6b). Redwine,
ketchup, citric acid solution, lime juice and blueberry juice stains
Fig. 4. (a-b): Scores obtained after each staining/cleaning cycle (following [22]), (a): marble and (b): limestone. (c-n): Stereomicrographs of the reference stones and those
exposed to three staining-cleaning cycles, (c-h) marble and (i-n): limestone.
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Fig. 5. DE*ab (CIELAB units) of the surfaces after the three different staining cycles following [22]. (a) marble and (b) limestone.
Table 3
Average colorimetric differences (DL*, Da* and Db*) on the marble and limestone surfaces after each staining cycle (1st to 3rd cycle). Differences were calculated relative to the
colour of the reference stone; therefore, lower values of variation indicate greater similarity between the control surface and the treated surface.
Spill Cycle Marble Limestone
DL* Da* Db* DL* Da* Db*
Red Wine 1st cycle 4.73 1.12 4.77 0.85 0.27 0.34
2nd cycle 6.62 1.15 4.97 0.88 0.21 0.62
3rd cycle 7.64 1.31 5.20 1.28 0.26 1.63
Olive Oil 1st cycle 17.00 0.23 0.34 5.00 0.28 2.33
2nd cycle 18.37 0.18 0.17 3.48 0.13 2.35
3rd cycle 20.38 0.13 0.51 3.31 0.01 2.67
Instant Coffee 1st cycle 5.57 0.59 5.22 2.73 0.06 0.69
2nd cycle 6.09 0.59 4.59 2.40 0.07 0.94
3rd cycle 7.56 0.77 6.43 3.58 0.17 1.26
Ketchup 1st cycle 2.97 0.16 1.37 0.43 0.48 0.74
2nd cycle 3.08 0.14 1.07 1.37 0.82 1.94
3rd cycle 2.85 0.11 0.72 1.36 0.75 1.34
Cola 1st cycle 3.26 0.05 1.22 1.35 0.04 0.86
2nd cycle 3.92 0.01 0.92 1.47 0.13 0.91
3rd cycle 4.77 0.02 1.04 1.48 0.14 1.23
Citric acid solution 1st cycle 2.87 0.14 0.53 0.91 0.08 1.83
2nd cycle 2.53 0.04 1.33 3.27 0.47 4.34
3rd cycle 2.28 0.05 1.18 3.08 0.33 3.68
Artificial urine solution 1st cycle 2.40 0.00 0.45 2.60 0.22 0.49
2nd cycle 4.28 0.08 1.42 2.54 0.00 0.09
3rd cycle 4.64 0.04 1.43 2.88 0.27 0.38
Lime juice 1st cycle 2.48 0.05 0.97 0.80 0.66 1.44
2nd cycle 2.21 0.01 0.56 2.88 0.93 3.84
3rd cycle 2.41 0.07 0.13 2.00 0.84 2.56
Blueberry juice 1st cycle 2.65 0.19 0.80 2.77 0.19 0.16
2nd cycle 3.67 0.11 0.06 2.63 0.26 0.30
3rd cycle 4.73 0.04 0.28 2.44 0.18 0.53
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higher on the limestone than on the marble samples (Fig. 6a, b).
For both types of stone, the initial roughness values (controls)
were similar (Fig. 6c and d). After the third staining/cleaning cycle
the roughness increased in most samples (Fig. 6c, d); considering
the statistically significant differences, R3z increased in all samples,
with exception of the marble stained with olive oil and limestone
stained with olive oil, coffee, cola and urine solution. The greatest
increases in roughness were detected on the surfaces of both types8
of stone stained with citric acid and lime juice on limestone stained
with ketchup. In general, the greatest increase in roughness was
detected on the surfaces in which the reduction in gloss was great-
est. Roughness also increased substantially on the surfaces stained
with the blueberry juice, mainly on the limestone samples,
although to a lesser extent than on the surfaces stained with the
citric acid solution, lime juice and ketchup.
The hydrophobicity of the surfaces (controls and surfaces after
staining/cleaning cycles) was studied by measurement of the static
Fig. 6. Gloss (a-b), R3Z (c-d) and h (e-f) of the surfaces after the third staining cycle following [22]. (a, c, e) marble and (b, d, f) limestone.
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were hydrophobic, as h was always lower than 90 [34]. In gen-
eral, the static contact angle decreased after the 3 staining-
cleaning cycles, and the variations were more intense for the lime-
stone (Fig. 6f). For marble, considering the standard deviations,
surfaces showing lower h than those measured in the control sam-
ples were those stained with ketchup, cola, citric acid solution and
lime juice. In the limestone samples, red wine and blueberry juice
also induced a reduction in the contact angle, although these
changes were not as notable as with the other substances.
The air-dried stains on glass microscope slides were evaluated
by SEM (Fig. 7). Olive oil stains could not be examined by SEM.
In the slides stained with red wine, leaf-shaped deposits rich in C
and K (Fig. 7a, EDS1) and high contrast (in BSE mode) microscopic
crystals rich in P and Al and also, K, Ni, S, Cl and Mg as minor ele-
ments were observed (Fig. 7a, EDS 2). In the slides stained with cof-
fee, needle-shaped crystals rich in C as major element and K as
minor element (Fig. 7b, EDS1) and irregular deposits rich in differ-9
ent elements were observed: i) some of the deposits were com-
posed of Si, Na, Mg, K and Ca (Fig. 7b, EDS2), ii) deposits rich
only in Al (Fig. 7b, EDS3) and iii) deposits rich in C and Ca and also
K as minor element (Fig. 7b, EDS 4). The ketchup stain appeared as
a C-rich matrix with Na and Cl-rich crystals immersed (Fig. 7c,
EDS1) probably associated with one of its natural additives. The
cola stain produced microscopic crystals rich in P (Fig. 7d, EDS1).
The citric acid stain produced C-rich macrocrystals (Fig. 7e,
EDS1). The dried artificial urine stain was composed of coarse
grains rich in Na and Cl, with N and P as minor elements (Fig. 7f,
EDS1). Moreover, smaller crystals with higher contrast were
observed in BSE mode, with two different habits: i) crystals with
defined boundaries rich in Cl and K and also, N, Na and P as minor
elements (Fig. 7f, EDS2) and ii) crystals with diffuse boundaries,
rich in S, K and Na and as minor elements Cl, N and P (Fig. 7f,
EDS3), reflecting the natural chemical composition. The chemical
composition of the crystals identified is consistent with the urea,
creatinine, uric acid and sodium phosphate identified in artificial
Fig. 7. SEM micrographs with EDS spectra of the spills on glass microscope slides.
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slides stained with lime juice (Fig. 7g, EDS1) and blueberry juice
(Fig. 7h, EDS1).
SEM analysis enabled identification of morphological changes
on the stone surfaces, as well as stain remains and neoformed com-
pounds (marble: Fig. 8 and limestone: Fig. 9). Regarding morpho-
logical changes, in both stones, newly formed fissures were
identified after the application of red wine (Fig. 8a and b, 9a and
b), ketchup (Fig. 8e, Fig. 9f), citric acid solution (Fig. 8h, Fig. 9i),
lime juice (Fig. 8k, 9 l) and blueberry juice (Fig. 8m, Fig. 9n). Citric
acid and lime juice appeared to be the most aggressive agents for
limestone.
Organic stain remains were detected as low contrast deposits
by BSE and C-rich EDS spectra on the surfaces stained with red
wine (Fig. 8b, 9b), olive oil (Fig. 8c, 9c), coffee (Fig. 8d) and ketchup
(Fig. 8f, Fig. 9e). On the limestone stained with cola, a Ca and P-rich
laminar deposit was observed on the surface (Fig. 9h).
On the marble stained with citric acid solution and lime juice,
some new fissures were detected, and a neoformed compound
was detected in their interior, characterised by an acicular habit
(needle-like) and rich in Ca and C (Fig. 8i, EDS1). In the limestone
stained with citric acid, the presence of this neoformed compound
was not only associated with the fissures, because this compound,
identified by its low contrast in BSE mode, was also observed cov-10ering the surfaces (Fig. 9i). This compound was also detected on
the surface stained with red wine (Fig. 9b).4. Discussion
After 3 staining/cleaning cycles, the qualitative sensitivity to
staining with red wine (moderate), ketchup (severe), cola (un-
changed) and artificial urine solution (unchanged) was similar in
both types of stone. However, different observations were made
for the other stains depending on the stone considered: i) marble
was particularly sensitive to staining by olive oil and soluble coffee
and ii) limestone was particularly sensitive to staining by citric
acid solution, lime juice and blueberry juice.
The staining agents were found to have different effects on both
types of carbonate stones, based on the SEM-EDS results: i) effects
related to changes in the surface texture as a consequence of the
dissolution processes affecting the calcite grains; and ii) effects
due to spill residues or neoformed acicular habit (needle-like)
compounds rich in Ca and C on the surfaces or into the newly
formed fissures due to dissolution.
Dissolution of calcite grains was identified as the most remark-
able effect on the surfaces stained with red wine, ketchup, citric
acid solution, lime and blueberry juices. These solutions and prod-
Fig. 8. SEM micrographs with EDS spectra of the marble samples after the third staining cycle following [22].
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solid surface and aqueous protons at pH below 4 [36]. As result
of the dissolution, fissures and voids appeared on the surfaces.
Regarding the wine-stained surfaces, it must be considered that
in addition to citric, malic and tartaric acids that occur as primary
acids in grapes, citric acid is often added to wines to increase acid-
ity, complement specific flavours or prevent ferric hazes [37,38].
Regarding ketchup, although it is a well-known product and used
worldwide, scarce information has been published in the techni-
cal/scientific literature [39].
Unexpectedly, the cola (pH 2.69) did not dissolve calcite grains.
This fact may be related to the liberation of the gas responsible for
the dissolution, carbonic acid (H2CO3), once the can is opened. The
scores awarded by the evaluators showed that limestone was the
most sensitive stone, as three of the stains (with the lowest pH)
induced severe changes, while in the marble, only one stain
(ketchup) induced changes classified as severe. However, the
SEM examination did not distinguish between different levels of
intensity of dissolution for the same spill on both stones. Therefore,
the higher level of sensitivity identified by the evaluators for the
limestone may be related to the effect of the staining/cleaning
cycles on the original colour of the stone. As marble is a clear white
stone, the dissolution patterns might not be as clear as on the
cream-coloured limestone.
Regarding the residues on stone surfaces and in the newly
formed fissures, C-rich deposits remained on the surfaces stained
with red wine, olive oil, coffee and ketchup. On the surfaces stained
with ketchup and red wine, residues were also detected in the
newly formed fissures, and in the other samples, dissolution did
not create fissures. Although needle-shaped crystals rich in C and
Ca and irregular deposits rich in different elements were detected11by SEM-EDS in the dried coffee stain on the glass slide (as previ-
ously observed for different types of coffees: green, roasted and
instant [40]), the coffee remains on the stone surfaces mainly com-
prised C-rich deposits. The concentration of the different elements
may vary widely depending on the type of soil where coffee plants
are cultivated, the variety and the type of coffee, the processes
involved in the production of natural or soluble coffees, means of
the confection and of coffee storage [40].
Moreover, Ca and P-rich deposits were detected on the cola-
stained surfaces; P was also detected on the microscope glass slide
stained with cola (after drying). Although the cola ingredients are
kept secret by the company that produces the drink, very small
amounts of phosphoric acid (H3PO4) are added to some of the
products, to give them their characteristic taste [41]. Calcium car-
bonate (CaCO3) is known to react with phosphoric acid to produce
calcium phosphate (Ca3(PO4)2) even amorphous. In the newly
formed fissures in the samples stained with red wine, citric acid
solution and lime juice, neoformed Ca and C- rich needle-like com-
pounds were detected.
Textural changes associated with dissolution of calcite and the
presence of spill residues and neoformed compounds induced
changes in colour, gloss, roughness and hydrophobicity in both
types of stones. In the marble, there was no clear relationship
between the intensity of dissolution and the DE*ab, because the
samples exposed to citric acid and lime juice (for which the signs
of calcite dissolution were the most intense), did not yield the
highest DE*ab values. More specifically, these agents yielded lower
DE*ab values than those obtained for the surfaces stained with cof-
fee, cola or artificial urine, which did not show any signs of calcite
dissolution. This is explained as reported for the mismatch
between the intensity of calcite dissolution and the scores awarded
Fig. 9. SEM micrographs with EDS spectra of the limestone samples after the third cycle following [22].
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marble. Greater DE*ab for marble samples without signs of calcite
dissolution may be related to the presence of product remains on
the surfaces. However, in the limestone, the surfaces on which
the levels of calcite dissolution were highest (those stained with
ketchup, citric acid solution and lime juice) the DE*ab values were
higher because the creamy colour of the surface was affected.
For both types of stone, the samples with higher levels of calcite
dissolution (samples stained with red wine, ketchup, citric acid
solution, lime and blueberry juices) gloss reduction due to the loss
of the polish surface which is accompanied by roughness increases
related with the occurrence of fissures and holes. These surfaces
with higher R3Z increases showed higher static contact angle
reductions, i.e., the stones surface’s wettability was therefore
increased. In fact, the effects of roughness on contact angles have
been studied by several authors such as [34,42,43]. This fact can
be explained by the partially loss of the polish surface (reduction
in gloss), which usually confers slight waterproofing properties.
Nevertheless, the effects of unremoved stains residues and/or
new formed compounds cannot be ruled out.
The spectrophotometric results were partially consistent with
the visual classification as it was expected that more intense
changes in the appearance would be associated with higher DE*ab
values. For the marble, the samples with higher DE*ab did not coin-
cide with those identified as severely changed by the evaluators
(e.g. the highest DE*ab was detected on the surface stained with
olive oil, while the evaluators suggested a moderate change).
Moreover, the most damaged surface identified by the evaluators
(the ketchup-stained sample) yielded the lowest DE*ab value. For
the limestone, the scores awarded by the evaluators and the DE*ab
were more consistent: the samples with the highest DE*ab were
the most severely damaged (surfaces stained with ketchup, citric12acid solution and lime juice). However, the surface stained with
olive oil yielded a high DE*ab value, while the evaluators consid-
ered this surface as unchanged after the third staining/cleaning
cycle. The discrepancy between the assessment by the evaluators
and the DE*ab for the olive oil stained surfaces may be related to
the visual perception by the human eye and the colour spectropho-
tometry principle. While the thin layer of olive oil on the surface
seemed to slightly affect the stone colour as detected by a human
eye, it had an important effect on the colour measurement, due to
darkening of the surface (DL* reduction>15 CIELAB units for the
marble). The colour spectrophotometer measures the amount of
light absorbed by a sample through a wavelength range. According
to Fresneĺs formula, the absorption of a light ray depends on the
refractive index of the air, the refractive index of the object (in this
case, stone and remains) and the angle to the normal of the
refracted ray, which is dependent on the surface roughness. There-
fore, the effect of the olive oil on the surface showing higher
absorption than the stones would greatly affect the colour param-
eters measured.
There are different possible explanations for the unexpected
changes in the DE*ab in some samples, in which the DE*ab values
on the surface were lower than those corresponding to the previ-
ous staining/cleaning cycle. For the surfaces stained with ketchup
and olive oil, the reduction in DE*ab may be related to the remains
of stains on the surfaces. In other spills that cause anomalous
changes in DE*ab (i.e. marble stained with citric acid solution, arti-
ficial urine solution and lime juice and limestone stained with cola,
citric acid solution, urine solution and lime juice), the reduction in
DE*ab may be related to modification of the surface roughness.
Indeed, several authors have demonstrated inverse relationships
between roughness and gloss and also between lightness (and
chroma) and both roughness and gloss [44–46]. Benavente et al.
J.S. Pozo-Antonio and A. Dionísio Construction and Building Materials 297 (2021) 123774[45] investigated how acid attack (H2SO4 solution of pH 3.70)
affected several polished Spanish building stones (limestones and
marbles) and demonstrated that colour variations on the stones
were mainly due to changes in surface roughness.5. Conclusions
With this study it was possible to verify that the method pro-
posed by the European Standard [22] to evaluate accidental stain-
ing can sometimes lead to erroneous conclusions. Indeed, the
inclusion of some physical, chemical and mineralogical methods
of characterizing two carbonate stones (a marble and a limestone)
surfaces exposed to nine common stains (followed by cleaning
with a non-ionic detergent) verified that morphological changes,
stain remains and neoformed compounds can occur, without being
macroscopically perceptible. Moreover, in some cases, classifica-
tion of the staining sensitivity by qualitative indicators (score 1-
unchanged to 4-severe change) was not consistent with spec-
trophotometric measurements.
Although these stones are composed by calcite, with similar
physical properties, their sensitivity to staining by some common
substances may differ significantly. Despite chromatic changes
were different depending on the stain applied, higher DE*ab were
detected on the marble surfaces. Gloss only was increased on the
limestone stained with olive oil, while it was decreased for the rest
of the surfaces; higher gloss changes were detected on the surfaces
stained with red wine, blueberry juice, ketchup, citric acid and
lime, being these last three surfaces those with the highest rough-
ness increases. Hydrophilicity was increased in both stones,
regardless of the stain, being more intense on the surfaces with
greater roughness increases. These different trends were related
to the different dissolution levels of calcite grains considering the
stain applied.
Information about the interactions between common stains and
stone materials is valuable in relation to the most appropriate use
of different types of stone for specific applications and for increas-
ing general awareness about the topic.CRediT authorship contribution statement
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